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Maximal Oxygen Uptake, Sweating and Tolerance
to Exercise in the Heat

by

J. E. Greenleaf*, B. L. Castle and W.K. Ruff

d/

I NTRODU C TION

The physiological mechanisms that facilitate acute acclimation to heat have not

been fully elucidated, but the result is the establishment of a more efficient

cardiovascular system to increase heat dissipation via increased sweating (Wynd-
ham et al., 1968) that allows the acclimated man to function with a cooler inter-

nal environment and to extend his performance (Rowell et al., 1967). Men in

good physical condition with high maximal oxygen uptakes generally acclimate to

heat more rapidly and retain it longer than men in poorer condition (Bean and

Eichna, 1943; Eichna et al., 1945). Also, upon first exposure trained men toler-

ate exercise in the heat better than untrained men (Greenleaf, 1964; Piwonka et

al., 1965). Both resting in heat and physical training in a cool environment con-

fer only partial acclimation when first exposed to work in the heat (Bean and

Eichna, 1943; Strydom et al., 1966). These observations suggest separate addi-
tive stimuli of metabolic heat from exercise and environmental heat to increase

sweating during the acclimation process. However, the necessity of utilizing

physical exercise during acclimation has been questioned. Bradbury et al. (1964)
have concluded exercise has no effect on the course of heat acclimation since

increased sweating can be induced by merely heating resting subjects.

Preliminary evidence suggests there is a direct relationship between the maxL-

real oxygen uptake and the capacity to maintain thermal regulation, particularly

through the control of sweating (Astrand, 1960; Kozlowski and Saltin, 1964;

Saltin and Hermansen, 1966). Since increased sweating is an important mecha-

nism for the development of heat acclimation, and fit men have high sweat rates,

it follows that upon initial exposure to exercise in the heat, men with high maxi-

mal oxygen uptakes should exhibit less strain than men with lower maximal oxy-

gen uptakes. The purpose of this study was (a) to determine if men with higher

maximal oxygen uptakes exhibit greater tolerance than men with lower oxygen

uptakes during early exposure to exercise in the heat, and (b) to investigate

further the mechanism of the relationship between sweating and maximal work

capacity.

PROCEDURE AND METHODS

Seven healthy young men with maximal oxygen uptakes between 2.83 I/min

[42 ml/(min.kg)] and 5.97 l/rain [66 ml/(min.kg)] were employed as subjects

(Table 1). After determination of their maximal oxygen uptakes, they were tested
in pairs in an environmental chamber and underwent one 2-hr control exercise
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test on a Monark bicycle ergometer at 24°CTdb - Each pair of subjects then under-

went three 2-hr acclimation exposures at 47°C-Tdbwith one day of rest between

exposures (Table 2). During all tests the subjects exercised at a relative oxygen

uptake (_'02 x 100/V02 max) of 28 + 1% (Table 1). Workloads that gave approxi-

mately the same relative oxygen uptakes were employed instead of constant
absolute workloads to provide comparable "internal stre.cs" and similar elevation

of core temperature for each subject. The environmer._al conditions provided

constant "external stress" and comparable levels of skin temperature.

TABLE 2. Average environmental conditions during the experiment

Control test

Acclimation test no 1

Acclimation test no 2

Acclimation test no 3

Tdb

oC

24

48

48

47

Tw b

° C

16

32

33

33

rh

%

44

34

38

41

PH20 Tg

mm Hg °C

10 21

27 47

31 47

32 47

In all tests turbulent air motion varied from 12 to 15 m/rain.

Expired gas was collected in meteorological balloons and the 02 and CO 2 con-
centrations were determined immediately with Beckman E2 and Beckman IR 215

analyzers. Analyzer calibrating gases were calibrated with the micro-Scholander

technique (Scholander, 1947). Oxygen uptake was calculated with data from the

nomogram of Dill and F_illing (1928). The reproducibility of duplicate V02 meas-

urements averaged + 0.02 l/rain. The 175 ml dead space in the modified Otis-

McKerrow respiratory valve was included in the calculation of from

VEATP S. Heart rate was determined from the continuous EKG VEBTPS record.

Rectal (Tre), auditory canal (Tac) and skin temperatures were measured with
YSI series 400 thermistors and recorded on a Digitek thermometer; system

accuracy was + 0.05°C. The rectal thermistor was inserted 17 cm and the six

skin thermistors were fixed to spring clips attached to plastic rings that allowed

free evaporation of sweat around each thermistor. The skin thermistors were
located on the medio-lateral arm, medio-lateral forearm, upper abdomen, sub-

scapular region, medio-anterior thigh and medio-lateral leg. Each skin therm-

istor reading was multiplied by the proportion of total surface area represented

by that thermistor and the sum of the six products was the mean skin tempera-

ture (_s). Auditory canal temperatuYe was measured 8 to 10 mm from the tym-

panic membrane (Greenleaf and Castle, 1972). Total body sweat rate was calcu-

lated from changes in body wt measured on a platform balance (+ 5 kg) at half-

hourly intervals taking into account voluntary tap water consumption (37°C) but

not respiratory gas exchange.

The criteria for terminating a test (tolerance time) were either a Tre of 40°C,

a maximal heart rate for one min, or the subject's request to stop. The main

signs and symptoms of most subjects at the termination of work were those of

classical heat exhaustion: fatigue, nausea, excessively high heart rates, syncope

during the rest periods, dizziness, chills and shortness of breath.



378

RESULTS

MAXIMALOXYGENUPTAKEANDTOLERANCE
Theresults indicateessentiallyno demonstrablepositiverelationshipbe-

tweenmaximaloxygenuptakeandtolerancetoTdb47°Cwhile workingat an
averageworkloadof 58W anda relative oxygenuptakeof 28%(Fig. 1).
SubjectBUC, with the highestmaximaloxygenuptakeof 65.6 ml/(min.kg),
andsubjectJEW, with the secondlowestmaximaloxygenuptakeof 42.4
ml/(min.kg), were exposedsimultaneouslyandtheir tolerancesfor eachof
thethree acclimationexposureswere practically the same:subjectBUC
tolerancetimeswere 55, 85 and85 min; subjectJEWtimes were 55, 75and
85 rain, respectively(Fig. 1, Table3).
During thefirst acclimationexposuresubjectAMBwas ableto work for

120min (100%tolerance),subjectSHAcompleted115rain andsubjectMcC,
whohad the lowestmaximaloxygenuptake[42.2ml/(min.kg),] stoppedat
85 rain. Threeothersubjects(BUC,SCH,GIL) with highmaximaloxygen
uptakeshadfirst exposuretolerancesof 55 min or less.
During the secondacclimationexposure,the toleranceof subjectAMB

decreasedfrom 120rain on thefirst exposure,the toleranceof subjectSHS
droppedfrom 115 to 70 rain and McC from 85 to 70 rain. Conversely, those

subjects with the lowest first exposure tolerances all had greater tolerance

during the second exposure: GIL went from 50 to 55 rain, SCH increased
from 50 to 75 min and JEW from 55 rain (he was stopped because his heart

rate reached 200 beats/min) to 75 min. The average tolerance of 82 min was

highest during the third acclimation exposure. It should be emphasized that

the second exposure tolerances of subjects AMB, SHA and McC (55, 70 and

70 min, respectively), who had the greatest first exposure tolerances, were

not appreciably different than the second exposure tolerances of subjects

GIL, SCH and JEW (55, 75 and 75 min, respectively), who had the lowest

first exposure tolerances. In all but two exposures termination was by volun-

tary withdrawal.

COMPARISON OF SUBJECTS WITH HIGH AND LOW

MAXIMAL OXYGEN UPTAKES

A comparison of average tolerance time, ATre , A hea_'t rate and terminal

heart rates between the two subjects with the highest maximal oxygen uptake

(BUC and SCH, X area = 2.08 m_ and the lowest maximal .ygen uptake
(JEW and McC, _ area 2.04 m ) is presented in Fig. 2. During the first

acclimation exposures (A1), the low max V02 pair had greater tolerance,

58 min, compared with 44 rain for the high max V02 pair; the values for the

other three variables for the two pairs were essentially the same.

During the second acclimation exposure (A2), the high max V02 pair had a

5Tre of 2.55°C compared with 1.98°C for the low group (Fig. _). Terminal

heart rates were 10 beats/min higher in the low pair.

During the third acclimation exposure (A3), while tolerance time, ATre and

terminal heart rates were essentially the same, the A heart rate for the low

maximum pair was reduced 25 beats/min compared with the high maximum

pair due to elevated resting heart rates in the former {Fig. 2, Table 3).

From these data it is clear that, when working at the sanle relative load,

the high capacity pair has no appreciable advantage in tolerance over the low

capacity pair during earl)' exposure to heat.
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Fig. 2. Comparison of average tolerance time, Aheart rate, h rectal

temperature and terminal heart rate (% of maximum) between

the two subjects with the highest V.02 (BUC and SCH) and the

two subjects with the lowest max V02 (JEW and McC).
C = control, A1 = acclimation no 1, etc.

EXPOSURE
SUBJECT

MAX Vo2ml/(mi

Fig. 3.

MAXIMAL OXYGEN UPTAKE AND SWEAT RATES

In five of the seven subjects sweat rates progressively increased from the first

through the third acclimation exposures (Fig. 3, Table 4). Of parficular interest

is the relationship between "maximal" sweat rates (those measured during the

second half-hour period) and maximal oxygen uptake (Fig. 3). The solid line is

the average of the C, A1, A2 and A3 sweat rates. The missing data during the

first acclimation exposure in subjects SCH and GIL were due to the inability of

these men to complete the second half-hour work period. During the 24°C control

test, the aver2age second period sweat rate in the two high max _02 subjects
[178 g/(hr, m ) ] was much greater than the sweat rate in the two low maximum

subjects [24 g/0ar-m2)] . This difference was also present during the three

acclimation exposures {Table 4). In general, during the three acclimation expo-

sures, the maximal oxygen uptake, expressed as ml/(min.kg), was proportional

to the sweat rate expressed as g/(hr, m2).

GENERAL RESULTS

In the control experiment the average 5Tre was + 0.40°C, AT s was + 0.61°C,
/_heart rate was 34 beats/rain and the terminal heart rate was 54% of the maxi-

mal heart rate (Table 3). The average sweat rate increased from 66 g/(hr-m 2)
during the first half-hour work period to II0 g/(hr- m ) during the fourth half-

hour period.

TABLE 4. ,
I

(

Control

High ma:
Low max

Acclimation

High ma,'
Low max

Acclimation

High ma,,

Low max

Acclimation

High ma)
Low max
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EXPOSURE CAIA2A3 CAIA2A3 CAIA2A3 CAIA2A3 CAIA2A3 CAIA2A3 CAIA2A3
SUBJECT BUC SCH SHA 61L AMB JEW MCC

MAX Vo2 ml/(minkg} 65.6 64.2 63.5 60.5 54.1 42.4 42.2

Fig. 3. Individual values during the second half hr of work for sweating

during the control (C) and the acclimation (A1, A2, A3) expo-

sures: the solid line connects the average of the four values.

Missing data due to subjects inability to complete work task.

TABLE 4. Average body temperatures and sweat rates for the two subjects with

high max V02 and low max V02 during the control and acclimation

exposures (t = terminal values)

Control

High max
Low max

Acclimation no 1

High max
Low max

Acclimation no 2

High max

Low max

Acclimation no 3

High max
Low max

Tre t

C

37.54

37.56

39.04

39.04

39.74

39,28

39.38

39.25

5T T
re s t

C C

0.52 31.30

0.15 32.56

1.82 39.50

1.73 39.90

2.55 39.82

1.98 39.70

1.11 39.39

1.10 39.42

_W s

C

0.72

0.18

2.19

1.26

2.46

1.20

2.17

1.18

Sweat rate

g/(hr, m 2)

178

24

996

336

1,092

322

884

460
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Duringthefirst acclimationexposure,theaveragetolerancetimewas76min,
ATrewas+2.00°C, ATs was+1.75°Cand Aheartratewas79beats/rain.
A comparisonof averagedatabetweenthefirst andthird acclimationexposures

at thepointof exhaustionshowsthatsomemeasurementswereremarkablycon-
stant: terminalTre (39.28°Cvs39.26oc), A_s (+1.74°C),ATre(2.0°Cvs
2.1°C)terminalheartrate (162vs160beats/min), 5heartrate (79vs 79beats/
rain), andterminalheartrate inpercentof maximum(83%vs 82%).Themore
variablemeasurementswere: tolerancetimein percentof maximumincreased
from 63%to 69%,terminalTs decreasedfrom 39.757to 39.29°Candfirst period
sweatrates increased20%,from 337to 419g/(hr' m ). Somepossiblecriteria
for tolerancelimits mightbeconstructedfrom thesedata: rectal temperatureof
39.3°C;heartrateof 160beats/min(82%of maximum);anda changein heart
rateof 80beats/min.

DISCUSSION

Menwithhighmaximaloxygenuptakearecapableof performingheavierwork
for longerperiodsof timethanlowercapacitymen.Thegreatermetabolicheat
producedbythehighcapacitymen,resultingfrom thegreaterabsolutework
loads,mustbedissipatedor hyperprexiawouldoccur. Therefore,menwithhigh
aerobiccapacitymusthavehighheatlosscapabilityor theywill notbeableto
workneartheir maximallevels.

Theresultsof thepresentstudyindicatethatnearmaximalsweatrates, induced
bymild exercisein theheat,areproportionalto themaximaloxygenuptake.
Subjectswithmaximaloxygenuptakesof 64ml/(min.kg)hadmaximalsweatrates
of 884to 1,092g/(hr-mz) while those with maximal oxygen uptakes of 42 ml/

(min'kg) had m_.ximal sweat rates of 336 to 460 g/(hr, m 2) (Table 4). The lower

sweat rates in the lower capacity subjects were not due to lower tolerance times

in the heat (Fig. 2, upper left). During the control exposure atTdb25°C average

sweat rate was 96 g/(hr, m 2) but the high capacity subjects (BUC, SCH, SHA) had

sweat rates between 49 and 228 g/(hr- mZ)_ while the lower capacity men (JEW,

McC) sweated between 17 and 31 g/(hr.m_). Thus the exercise per se contributed

less than 20 percent of the maximal sweat rates during exercise in the heat.

Saltin and Hermansen (1966) suggested there was a direct relationship between

maximal oxygen uptake and the rate of sweating during moderate exercise at 24°C

ambient temperature. Two men with widely different maximal oxygen uptakes and

working at the same relative oxygen uptakes but different absolute work loads had

the same equilibrium levels of rectal temperature. Since the higher capacity sub-

ject had greater heat production because of his greater work load than the lower

capacity subject, the "excess" heat from the former had to be dissipated for the

rectal temperatures to attain the same level. The "excess" heat was dissipated

mainly through greater evaporative loss since the exercise sweat rate of the high

capacity subject was about 60% greater than that of the lower capacity man. In the

present study the subjects worked at essentially the same relative oxygen uptakes

but dry-bulb temperature was elevated to elicit maximal sweating. There is a

positive relationship between the rate of sweating and maximal oxygen uptake with

either a moderately heavy load in a cool environment (Saltin and Hermansen,

1966), resting in a sauna bath (Kozlowski and Saltin, 1964) or with a mild work

load in the heat (present study). These observations suggest that as long as there

is a stimulus sufficient to initiate sweating, this relationship between sweating

and maximal oxygen uptake is not specifically dependent upon work load, meta-

bolic rate or ambient temperature.

To explain the greater exercise sweating with high maximal oxygen uptakes in

men who have the same equilibrium levels of core and skin temperature as lower

capacity men,
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capacitymen,SaltinandHermansen(1966)suggestthatanymechanismrespond-
ingdirectlywith theindividualmaxV02or theabsolutework load,for example
mechanoreceptorfunction,mayprovidestimuli thatresultsin increasedsweating.
SmilesandRobinson(1971)presentevidencethatthelevelof exercisesweatingis
controlledby anundefinedstimulusproportionalto oxygenuptake(metabolicrate)
plusaneuromuscularstimulusproportionalto thespeedof muscularmovement
(walking).However,otherevidencesuggestsmechanoreceptorfunctionis proba-
blynotanimportantpart of themechanism(Ekblom,GreenleafandHermansen,
1971;Greenleafet al., 1971;Nielsen,1968).

In thepresentstudythehighcorrelationbetweenmaximaloxygenuptakeand
sweatingduringworkin heatcouldnothavebeeninfluencedbyspeedof movement
sincetherewasaconstantrateof pedalingtheergometer.Thegreatersweating
inourhighercapacitysubjectswasnotrelatedin anyconsistentpatternto ter-
minalTre, AT_e or terminal"Ts.Thehighcapacitysubjectsdid exhibita two-
foldgreaterA'_s duringthecontrolandheatexposurescomparedwith thelow
capacitymen(Table4). SinceterminalTs werethesamein thetwogroups,the
difference_in ATswasdueto differentrestingskin temperatures(Table3). The
higherTs in the lowcapacitygroupwasprobablydueto their lowersweatrates
in therest)periodbeforeexercisecommenced(KozlowskiandSaltin,1964).Thus,
weare left witha still undefinedmechanismfor theobservedrelationshipbe-
tweenmaximaloxygenuptakeandmaximalsweating.

Innormal, ambulatorypeople,exercisetrainingof progressivelyincreasing
intensitycanincreasemaximaloxygenutilizationonly15to 20percent(Ekblom,
1969).Bedrest deconditioningreducesmaxV02upto 100percent(Saltinet al.,
1968).Maximalratesof sweatinghavenotbeenmeasuredindeconditionedsub-
jects. It is possiblethathereditysetstheupperandperhapsalsothelower limits
of theoxygenuptakecapacityfrom traininganddeconditioning.If therateof
sweatingis coupleddirectlywith theoxygenuptakecapacity,thenperhapsgenet-
ic factorsinfluencethelimits of sweating.It is alsopossiblethatbothmaximal
oxygenuptakeandmaximalsweatingarerespondingto a third commonunkno_n
variableor mechanism.

Therewasnoappreciabledifferencebetweentheresponsesof ourhighcapacity
andlowcapacitysubjectsto endurance,Aheartrate, ATre or terminalheart
rateduringthecontrolandheatexposures(Fig. 2). But, therewasa largedif-
ferencein ratesof sweating.Theseresultsmodifyobservationsfrom earlier
studiesthatfit menexhibitedmorefavorableresponsesto initial work in the
heatthanlessfit men.Onereasonfor thisdiscrepancyis thatin eachof the
earlier studiesall subjectsworkedat thesameabsoluteloadduringtheaccli-
mationexposures.Sincethemorefit menprobablyhadhighermaximaloxygen
uptakes,theywouldhavebeenworkingat lowerrelative loads,hencetheattenu-
atedphysiologicalresponsesandgreaterperformance.Thesimilar endurance
performancesof ourhighandlowcapacitysubjectsappearto betheresult of
similar relative loads,in spiteof;videvariationsin sweating.Theseresults
questiontheimportanceof therateof sweatingasamajordeterminantof per-
formanceduringearl),heatexsmsurebutaffirm thecloserelationshipbetween
maximaloxygenuptakeandthecapacityto maintainthermalhomeostasis.
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ABSTRACT. - The purpose of this experiment was to determine if tolerance to

exercise in the heat is related to maximal oxygen uptake (max _'02) and sweating.

Seven men with max V02 between 42 and 66 ml/(min.kg) underwent one 2-hr expo-

sure at 24°C Ta.while working on a bicycle ergometer at X rel V02 of 28%

(_ V02 = 1.23 17min). In the hot exposures the high capacity subjects had maximal

sweat rates of 800 to 1,000 g/(hr-m 2) while the lower capacity men sweated 300

to 400 g/(hr" m2). These differences in sweating_were_not related to neuromuscu-

lar stimuli, V'02 (metabolic rate), Tre , ATre, Ts, AT s or tolerance time.

Tolerance to exercise in the heat was not related to maximal 702 capacity when

the subjects worked at the same relative load in spite of large differences in

sweating. These results question the importance of the rate of sweating for pre-

dicting work performance in hot environments.

ZUSAMMENFASSUNG. - Das Ziel dieser Untersuchung war, zu priifen, ob die

Toleranz bei Arbeit in der Hitze in einer Beziehung steht zur maximalen O2-Auf-

nahme und Schwitzen. Sieben M'finner mit V02 - zwischen 42 - 66 ml/(min-kg)

wurden belastet wi_rend 2 Stunden bei T a 24oC und 3 x 2 Stunden bei 47oc mit

Arbeit auf dem Fahrrad-Ergometer bei im Mittel yon 28% V02 = 1.23 1/min.

Withrend der Hitzebelastung zeigten die leistungsflihigen Personen Schweissekre-
tionsraten yon 800 - 1000 g/(hr, m 2) und die wenig leistungsfi_higen 300 - 400 g/

(hr-m2). Diese Unterschiede waren ohne Beziehung zu neuromuskul_iren Stinmli,

Stoffwechselrate, Tre, 5Tre , Ts, 5T s oder der Toleranzzeit. Ausdauer bei Ar-

belt in der Hitze war ohne Beziehung zur maximalen V02-Kapazit_tt , wenn die

Personen bei der gleichen relativen Belastung arbeiteten tro grosser Unter-

schiede im Schwitzen. Die Ergebnisse stellen den Wert der Schweissekretionsra-

te zur Voraussage der Arbeitsleistung in der Hitze in Frage.

RESUME.- Dans cette _tude, on a cherch6 _ voir si la tol6rance au travail sous

contrainte de chaleur 6tait en relation avec la possibilit_ maximum d'absorption

de O 2 (V02) d'une part, de transpirer d'autre part. 7 hommes pr_sentant des

V02 compris entre 42 et 66 ml/(min . kg) ont p6dal6 sur un ergometre, pendant
2 heures par une T_ de 24°C et 3 x 2 heures par 47°C et cela par une V02 r'elative

de 28% (X "_02 = 1,_25 1/min). Durant l'effort sous contrainte de chaleur, les
plus actifs ont eu des s6cr6tions de sueur de 800 _ 1.000 g h -1 m -2 et les moins

actifs de 300 h 400 g/h . m 2 . Ces diff6rences 6taient sans rapport avec les sti-

mulus neuro-musculaires, le taux de m6tabolisme, Tre, 5Tre, T set AT sou
la dur6e de tolerance. L'endurance au travail sous contrainte de chaleur n'a pas

6t_ fonction de la capacit6 maximum de _'02, lorsque les personnes travaillaient

dans des conditions analogues, m_me si l'on a not6 de grandes diff6rences dans
la transpiration. Ces r6sultats mettent en doute la repr6sentativit6 du taux de

s6cr_tion de sueur comme indicatif des possibilit6s de travailler en atmosphere
chaude.


